He ion irradiation induced damage in several immiscible metallic nanolayer systems with incoherent interfaces has been investigated recently and a prominent size effect on mitigation of radiation damage has been observed. In general the magnitude of radiation hardening and defect cluster density are both less at smaller individual layer thickness (h) than those with larger h, as show that, similar to incoherent immiscible systems, coherent interface in immiscible system can also effectively reduce the population of radiation induced defect clusters.
Introduction
Neutron radiation on structural materials in nuclear reactors creates abundant vacancies and interstitials, which could form defect clusters, primarily in the form of dislocation loops and voids/bubbles [1] . The nucleation and growth of voids/bubbles are enhanced by Helium (He), a byproduct of (n,α) nuclear transmutation. He can swiftly migrate into and combine with vacancies to accelerate the nucleation of bubbles and stabilize them [2] [3] [4] . Recent study shows that He atoms can be trapped and stored at defect sinks such as grain boundaries (GB) [5, 6] and interphase boundaries [7] [8] [9] [10] [11] . The storage of He at interfaces can delay bubble growth significantly and thus alleviate radiation hardening, void swelling and blistering. GB and interphase boundaries also provide effective annihilation sites for radiation induced interstitials and vacancies [12, 13] . Increasing efforts have been devoted to investigate the radiation 3 tolerances of nanostructured materials, including ODS alloys with abundant metal/oxide interfaces [14] [15] [16] [17] [18] , nanocrystalline (nc) metals [6, 19] and multilayers [8, 9, 20] . Experimentally, Singh and Foreman [21, 22] have observed significant grain size dependence of void swelling in stainless steel decades ago. Sun et al. [19] have reported the first in situ evidence of defect aborption by grain boundaries (GBs) in nanocrystalline nickel sujected to Kr ion radiation.
Theoretically, molecular dynamics (MD) simulations have shown that GBs can emit interstitials into grain interior to annihilate vacancies [23] . Chen et al. [24] have also shown defect-GB interactions by formation and annealing of chain-like defects. Yu et al. [25, 26] reported that twin boundaries can effectively interact with and remove radiation induced defect clusters, such as stacking fault tetrahedra. Besides these internal defect sinks, free surfaces in nanoporous (np) metals were also reported to significantly reduce defect density during irradiation [27] [28] [29] .
Furthermore in situ radiation studies on np Ag also revealed that both global and instantaneous diffusivity of defect clusters in np Ag is much lower than those in coarse grained Ag, quite different from general perception [29] .
Radiation damage in metallic multilayer systems with various types of interfaces has been investigated, including face-centered cubic (FCC)/ body-centered cubic (BCC) interfaces (e.g. Cu/Nb [8, 9] , Cu/V [30] [31] [32] , Cu/Mo [33] , Cu/W [34] , Al/Nb [35] , Ag/V [36, 37] ), FCC/FCC interfaces (e.g. Cu/Ni [38] , Ag/Ni [39, 40] ), BCC/BCC interfaces (Fe/W [41] ) and FCC/hexagonal close-packed (HCP) interfaces (Al/Ti [42] ). In general clear size dependent enhancement of radiation tolerance was observed in immiscible systems, that is the density of defect clusters (dislocation loops or He bubbles) declines with decreasing individual layer thickness h. Meanwhile the magnitude of radiation hardening typically decreases at smaller h.
The rationale behind these phenomena is that immiscible layer interfaces appear to be effective 4 sinks that absorb and remove radiation induced defect clusters [7, 20] . Yu et al. [40] have provided the first in situ observation where layer interface in immiscible Ag/Ni nanolayers can effectively capture and annihilate radiation induced defect clusters.
Size dependent radiation hardening has also been quantitatively analyzed in several He ion irradiated metallic multilayer systems. The peak strength of irradiated multilayers is determined by the inherent resistance of layer interfaces to the transmission of single dislocations and the interaction of dislocations with radiation induced obstacles, such as dislocation loops, stacking fault tetrahedra, and He bubbles. The models developed by comparing the characteristic dimension (average separation distance between He bubbles) and layer thickness were able to capture the major trend of size dependent strengthening in He ion irradiated nanolayers [8, 36, 39, 43] . Interestingly Yu et al. also noticed that in contrast to size dependent strengthening in He ion irradiated Ag/Ni nanolayers, there is not a strong size dependence in proton irradiated Ag/Ni systems, implying the significance of He bubbles on radiation hardening [39] .
Recently, we reported that as-deposited immiscible Cu/Co (FCC) (100) multilayer system has a peculiar size dependent strengthening behavior [44] . In general we anticipate that Cu/Co (100) [44] and Cu/Ni (100) [45] multilayer systems should have similar size dependent strengthening. This is because both systems have comparable Koehler stress (due to the same magnitude of modulus mismatch) and coherency stress (arising from lattice mismatch). However nanoindentation experiment reveals three drastic differences between strengthening behaviors of the two systems. (1) When individual layer thickness (h) is several nm, the peak hardness of Cu/Co is significantly lower, by ~ 1 GPa, than that of Cu/Ni. . At large h, Co has high-density stacking faults, with an average spacing of several nm, and hence contributes significantly to the high strength of Cu/Co nanolayers.
The motivations of the study on radiation damage in Cu/Co (100) system include the followings.
(1) To date there is only one study on radiation damage in immiscible FCC/FCC system, Ag/Ni, which has incoherent interfaces (due to large lattice mismatch between Ag and Ni). In comparison the immiscible Cu/Co has coherent FCC/FCC layer interfaces, permitting us to probe the influence of coherency on radiation tolerance of immiscible FCC/FCC multilayers. 
Experimental
Cu/Co multilayers with identical h, varying from 1 to 200 nm, were magnetron sputtered at room temperature on HF etched Si (100) substrates. The chamber was evacuated to a base pressure less than 8×10 -8 torr prior to deposition. Before the deposition of Cu/Co multilayers, a 100 nm thick Cu seed layer was deposited. The total thickness of multilayers was ~ 1 μm when h ≤ 10 nm, ~ 1.5 μm when 10 nm < h < 100 nm, and ~ 4 μm when h ≥ 100 nm. The total film thickness was designed so that indentation experiment will probe at least one bilayer, but the instrumented indentation technique [46] . One typical load-displacement curve is provided in Fig.   8a , which can be used to calculate indentation hardness at a specific indentation depth. The average indentation hardness is determined when hardness value reaches a plateau, nearly independent of indentation depth [45] and one example is displayed in Fig. 8b . Cross-sectional TEM (XTEM) samples were prepared by dimpling and low energy (3.5 keV) Ar ion milling and subsequent ion polishing. The average TEM foil thickness was measured by using convergent beam electron diffraction (CBED) technique. The thickness of TEM foils is measured to be ~ 7 100 ± 20 nm throughout the irradiated regions in multilayer films. The CBED method can reach an accuracy of ~ 5% in determining foil thickness [47] . The detailed procedure of thickness measurement is shown in reference [14] . In addition, this method has been employed in our previous studies [25, 30-33, 35, 39-41] .
Depth-dependent damage and defect concentration profiles were calculated by the Stopping and Range of Ions [48] in Matter (SRIM)-2008 using the Kinchin-Pease option in the SRIM software [49] . The Kinchin-Pease option for SRIM calculation has recently been adopted by the community as a new routine to reliably estimate radiation damage for irradiated materials [50] . When h= 50 -200 nm, the Hall-Petch slope of irradiated Cu/Co is much greater than that of asdeposited Cu/Co, but close to that of as-deposited Cu/Ni (100).
Results

Discussion
4.1.Comparisons of radiation induced microstructure evolution in multilayers with immiscible coherent and incoherent layer interfaces
Metallic multilayers are attractive systems to study radiation damage as they possess abundant layer interfaces which could be effective defect sinks [9] . In general, in comparison to miscible multilayers, immiscible multilayer systems are more effective to alleviate radiation damage as layer interfaces are more stable against radiation induced intermixing [7, 20, 31, 35, 41] . Among immiscible systems, multilayers with FCC/BCC incoherent interfaces have been extensively investigated [7] [8] [9] 20] . The driving force behind the frequent selections of incoherent FCC/BCC multilayers for radiation studies may be attributed to the general perception that incoherent interfaces may be more effective in eliminating radiation induced defects than their coherent siblings. Among FCC/FCC metallic multilayer systems, few have immiscibility. Ag/Ni is one such system that has been investigated after He, proton and heavy ion (Kr) irradiations [39, 40] . Indeed Ag/Ni multilayer with smaller h has lower He bubble density after radiation [40] . [1, 55, 56] . In FCC/FCC Cu/Co multilayers, the system becomes increasingly 13 coherent, when h is 5 nm or less, and hence the channeling effect may have become more prominent during ion irradiation.
Size dependent strengthening mechanisms in irradiated Cu/Co multilayers
Prior studies on immiscible multilayer systems, including Cu/V [31] , Ag/V [36] and Ag/Ni [39] , typically showed less radiation hardening at smaller h as shown in Fig. 8d . However, in Cu/Co multilayers, radiation hardening escalated with decreasing h, in drastic contrast to general trend in previous studies. The mechanisms behind such deviation will be discussed below.
(a) Strengthening mechanisms at small h (h < 10 nm)
In as-deposited Cu/Ni (100) and Cu/Co (100) systems, the peak strength was determined by interface barrier strength of layer interfaces, and can be estimated by [44]   [57, 58] , where is the flow stress, and 3*    ), close to the experimentally determined hardness difference, ~ 1.2 GPa. Physically this means that in Cu/Co multilayers, the peak strength is dominated by the interface barrier strength to transmission of partial dislocations, whereas in Cu/Ni system, it is the transmission of full dislocations that dictates the maximum strength of multilayers [44] . Next, besides the constriction, we also consider strengthening due to He bubbledislocation interactions. The contribution of He bubbles to radiation hardening is negligible at low He concentration (< ~ 1%) and becomes significant with the increase of He concentration [61] . He bubbles are generally treated as weak obstacles for dislocation migration [31] . FriedelKroupa-Hirsch (FKH) model is widely used to describe weak obstacle induced strengthening () [31, 62] by using hardness of as-deposited films, due to the partial dislocation dominated deformation mechanism.
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The layer interface in immiscible coherent Cu/Co system remain significant on alleviation of radiation damage as manifested by progressive reduction of He bubble density at smaller h.
Finally our previous dose dependent study on He ion irradiated incoherent Cu/V multilayers up to 18 dpa [32] shows superior stability of Cu/V interfaces and saturated radiation hardening at higher dose. The structural stability of interfaces and strengthening mechanisms in immiscible coherent Cu/Co multilayers subjected to much greater doses remain unclear and are interesting subjects for future studies.
Conclusions
We investigated He ion radiation response of immiscible coherent Cu/Co multilayer systems. Similar to incoherent interfaces in immiscible systems, the coherent interfaces can also effectively mitigate radiation damage in terms of reducing He bubble density in nanolayers with smaller h. Layer interfaces in Cu/Co are in general resistant to radiation induced intermixing.
In contrast to the major reported trend of reduced radiation hardening at smaller h in immiscible incoherent multilayers, the size dependent strengthening behavior in Cu/Co system is just the opposite, although the density of He bubble density is indeed lower at smaller h. Such a surprising observation was explained by a transition from partial transmission dominated strengthening mechanisms (before radiation) to full dislocation transmission dictated deformation behavior in immiscible Cu/Co nanolayers due to decoration of pressurized He bubbles at layer interface in irradiated multilayers. ions/m 2 . The peak damage approaches ~ 2.5 dpa at 300 nm from surface, and the projected ion penetration depth is ~ 500 nm. No hexagonal closely packed (HCP) Co peaks were detected both before and after radiation. 
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